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FOREWORD 

The s u b j e c t s  of t h i s  r e sea rch  g r a n t  a r e  t h e o r e t i c a l  and experimental  

s t u d i e s  of t h e  n a t u r e  and c h a r a c t e r i s t i c s  of space- re la ted  plasma resonance 

phenomena. These s t u d i e s  have been proceeding under t h e  d i r e c t i o n  of 

P r o f .  F. W. Crawford s i n c e  t h e  award of t h e  g r a n t  on 1 May 1965. The 

c u r r e n t  funding  per iod  i s  f o r  t w e l v e  months, from 1 J u l y  1969 t o  30 June 

1970, and marks t h e  t e rmina t ion  of t h e  work under a s e p a r a t e  g r a n t .  I n  

f u t u r e ,  some of t h e  p r o j e c t s  w i l l  be continued and repor ted  on under 

NASA G r a n t  NGL 05-020-176, which a l s o  has  P ro f .  Crawford a s  i t s  P r i n c i p a l  

I n v e s t i g a t o r .  Th i s  i s  consequent ly  both a f i n a l  r e p o r t  and t h e  t e n t h  

semiannual progress  r e p o r t  on t h e  work, covering t h e  six-month per iod  from 

1 January t o  30 June 1970. 
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I INTRODUCTION 

During t h e  f i v e  y e a r s  t h a t  NASA Grant NGR 05-020-077 h a s  been 

e f f e c t i v e ,  t h e  r e sea rch  program has  evolved through t h r e e  d i s t i n c t  phases.  

The gene ra l  i n t e n t  of t h e  f i r s t  w a s  t o  e l u c i d a t e  t h e  mechanisms of plasma 

RF p u l s e  response  phenomena observed by space-probing v e h i c l e s  such a s  

r o c k e t s  and s a t e l l i t e s .  

r e s u l t s  obtained from 1963 onwards by t h e  Canadian tops ide  sounder 
7 t 51 -5 7* 

s a t e l l i t e ,  "Aloue t t e  I o  These i n d i c a t e d  t h a t  shock e x c i t a t i o n  of 

t h e  ionosphere by a pulsed  v a r i a b l e  f requency s i g n a l ,  from a t r a n s m i t t e r  

c a r r i e d  by t h e  s a t e l l i t e ,  was fol lowed by prolonged r i n g i n g  whenever t h e  

f requency coincided wi th  a harmonic of t h e  l o c a l  e l e c t r o n  cyc lo t ron  f r e -  

quency, or with  t h e  l o c a l  upper hybr id  frequency. 

Although t h e  o r i g i n  of these resonances was puzz l ing  a t  f irst ,  i t  

w a s  soon e s t a b l i s h e d  58,59 t h a t  they  could be  w e l l  understood i n  t h e  l i g h t  

of w a r m  magnetoplasma theory,and i n  p a r t i c u l a r  i n  terms of t h e  e l e c t r o -  

s t a t i c  modes known a s  cyc lo t ron  harmonic waves (CHW). 60961 The a i m s  of 

t h e  f i r s t  phase of our r e sea rch  program were, then,  t o  s tudy t h e  d i s p e r s i o n  

c h a r a c t e r i s t i c s  of t h e s e  waves, both t h e o r e t i c a l l y  and experimental ly  i n  

l a b o r a t o r y  plasmas, and t o  reproduce t h e  Alouet te  r i n g i n g  phenomenon. 

Th i s  was soon done s u c c e s s f u l l y  f o r  propagat ion  perpendicular  t o  t h e  

magnetic f i e l d .  

I n t e r e s t  i n  t h i s  a r ea  had been s t imula ted  by 

Since  t h e  agreement between theo ry  and experiment w a s  very good, t h e  

p o s s i b i l i t y  a r o s e  of u s ing  CHW a s  t h e  b a s i s  of plasma d i a g n o s t i c  techniques.  

The second phase of our  program w a s  t o  examine s e v e r a l  promising methods, 

i nc lud ing  p u l s e  t ransmiss ion ,  resonance r e c t i f i c a t i o n ,  and impedance 

measurement. I t  i s  hoped t h a t  t h i s  work w i l l  p o i n t  t h e  way t o  f u t u r e  

space plasma experiments  involv ing  Aloue t t e  resonances,  and t h a t  t h e  

d i a g n o s t i c  techniques  developed may be  of use  i n  t h e  measurement of such 

q u a n t i t i e s  a s  e l e c t r o n  d e n s i t y  and temperature ,  and l o c a l  magnetic f i e l d  

s t r e n g t h ,  

* References 1-42 a r e  given i n  Sec t ion  111, References 50 onwards a r e  

t o  be found on p 37. 
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Plasma wave propagat ion  and resonance phenomena of t h e  types  j u s t  

mentioned do not  n e c e s s a r i l y  r e q u i r e  e l e c t r o d e  s t r u c t u r e s  t o  e x c i t e  them: 

I f  t h e  plasma e l e c t r o n  v e l o c i t y  d i s t r i b u t i o n  i s  non-Maxwellian, e.g. ,  due 

t o  t h e  presence  of a group of f a s t  e l e c t r o n s  i n t e r a c t i n g  with a background 

Maxwellian plasma, CHW a m p l i f i c a t i o n  and nokse emission may r e s u l t .  As 

an ex tens ion  t o  t h e  f i r s t  phase of our r e sea rch  program w e  have been 

examining such p o s s i b i l i t i e s  r e c e n t l y ,  bo th  exper imenta l ly  and t h e o r e t i -  

c a l l y ,  wi th  a view t o  de te rmining  whether t hey  might occur i n  s p a c e  plasmas 

where e n e r g e t i c  e l e c t r o n s  a r e  known to be p r e s e n t .  Two examples of such 

s i t u a t i o n s  a r e  t h e  a u r o r a l  zones and t h e  E a r t h ' s  bow shock. 

As a complement t o  t h e  work on plasma p u l s e  response phenomena such 

a s  might be observed by space-probing veh ic l e s ,  some a t t e n t i o n  has  been 

g iven  under t h i s  g r a n t  t o  ionospher ic  p u l s e  responses  observed by ground- 

based t r a n s m i t t e r / r e c e i v e r  s y s t e m s ,  Th i s  t h i r d  phase of our program has  

d e a l t  wi th  two phenomena. The f i r s t  concerns t h e  e x i s t e n c e  and mechanism 

of very  long delayed r a d i o  echoes, an e f f e c t  f i r s t  observed i n  t h e  

l a t e  1920 ' s  and e a r l y  1930' s2' which manifested i t s e l f  a s  r ecep t ion  of 

Morse s i g n a l s  wi th  d e l a y s  of up t o  t e n s  of seconds a f t e r  t h e i r  t r ans -  

mission.  The second concerns resonant  non l inea r  i n t e r a c t i o n  of two s i g n a l s  

a t  f r equenc ie s  UI t o  g i v e  a r a d i a t e d  s i g n a l  a t  frequency + 

Experimental  obse rva t ion  of such i n t e r a c t i o n s  has  been r epor t ed  f o r  meteor 

t r a i l s  i n  a u r o r a l  zones and from plasma columns i n  t h e  l abora to ry .  

The r e sea rch  program s i n c e  i n c e p t i o n  of t h e  g ran t  i s  summarized 

1' 2 1 -  2 .  

62 63 

b r i e f l y  i n  Sec t ion  11, wi th  a r a t h e r  more- d e t a i l e d  account of t h e  work 

c a r r i e d  out  du r ing  t h e  l a s t  s i x  months. A bib l iography of t h e  r e p o r t s ,  

conference papers ,  and p u b l i c a t i o n s  r e s u l t i n g  from t h e  g r a n t  i s  g iven  

i n  Sec t ion  111. 
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11, RESEARCH PROGRAM 

A .  Cyclo t ron  Harmonic Waves 

Theory: Although t h e  b a s i c  theory  desc r ib ing  CHW had been 

publ i shed  by B e r n s t e i n  i n  1958,61 no comprehensive numerical s t u d i e s  of 

t h e i r  d i s p e r s i o n  c h a r a c t e r i s t i c s  were a v a i l a b l e  a t  t h e  t ime t h i s  g ran t  

began. I t  w a s  understood q u a l i t a t i v e l y  t h a t  t h e  w a r m  magnetoplasma 

wave theo ry  p red ic t ed  propagat ion  'windows' f o r  both e l e c t r o s t a t i c  (CHW) 

and e lec t romagnet ic  waves i n  t h e  v i c i n i t y  of t h e  cyc lo t ron  harmonic 

f requencies ,  and i t  was be l ieved  t h a t  a wide v a r i e t y  of da ta  obtained , 

from l a b o r a t o r y  plasma experiments on i o n  and e l e c t r o n  cyc lo t ron  harmonic 

r a d i a t i o n ,  absorp t ion ,  a m p l i f i c a t i o n  and propagat ion could be i n t e r p r e t e d  

i n  terms of t h i s  theory .  The p o s i t i o n  i n  1964-5 i s  reviewed i n  Ref. 60. 
Our work consequent ly  began wi th  d e t a i l e d  numerical  s t u d i e s  of t h e  CHW 

d i s p e r s i o n  r e l a t i o n  f o r  a wide range  of plasma parameters  (u--, a_), and 
- E l -  c -  

e l e c t r o n  v e l o c i t y   distribution^.^'^^'^^ These ranged from s t a b l e  

Maxwellian plasmas t o  de l t a - func t ion  beams i n t e r a c t i n g  wi th  Maxwellian 

plasmas, and covered propagat ion  both perpendicular  and ob l ique  t o  t h e  

s t a t i c  magnetic f i e l d .  The o v e r a l l  r e s u l t s  a r e  b e s t  summarized i n  

Refs .  31 and 32.  

I t  should be  emphasized t h a t  computation of CHW d i s p e r s i o n  r e l a t i o n s  

i s  by no means t r i v i a l ,  p a r t i c u l a r l y  when c o l l i s i o n a l  and/or c o l l i s i o n l e s s  

( cyc lo t ron )  damping i s  apprec iab le .  1717 

e a r l y  work t o  improving t h e  formalism, both f o r  ob ta in ing  d i s p e r s i o n  

r e l a t i o n s  r a p i d l y  and i n  express ing  them i n  forms s u i t a b l e  f o r  economical 

computation 11912>18 

which might be r e a l i z e d  experimental ly ,  and i t  was concluded t h a t  a l though 

many v e l o c i t y  d i s t r i b u t i o n s  might occur  exper imenta l ly  only two were of 

major importance f o r  r e a d i l y  c o n t r o l l a b l e  l a b o r a t o r y  cond i t ions .  These 

were t h e  Maxwellian, and t h e  combination of an e l e c t r o n  beam i n t e r a c t i n g  

wi th  a Maxwellian background plasma. The f i r s t  i s  r e l evan t  t o  t h e  

"Alouette" resonances observed i n  t h e  ionosphere.  The second g ives  r i s e  

t o  a very  b a s i c  example of C H W  i n s t a b i l i t y .  

a t t e n t i o n  i n  r e l a t i o n  t o  our l a b o r a t o r y  program. 

Cont r ibu t ions  were made i n  t h i s  

Our  i n t e re s t s  were always d i r e c t e d  towards cond i t ions  

Both were given s p e c i a l  
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Experiment: A f e a t u r e  p e c u l i a r  t o  CHW i n  a Mamel l i an  plasma 

i s  t h a t  propagat ion  perpendicular  t o  t h e  s t a t i c  magnetic f i e l d  i s  no t  

s u b j e c t  t o  c o l l i s i o n l e s s  damping. 

c a r r y  out  Alouet te- type ' r i n g i n g '  experiments wi th  a s i n g l e  antenna 

o r i e n t e d  p a r a l l e l  t o  t h e  magnetic f i e l d ,  shock-excited a t  f r equenc ie s  f o r  

which t h e  C H W  group v e l o c i t y  i s  p red ic t ed  t o  be zero.  

group de lay  measurements can be made f o r  propagat ion ac ross  t h e  magnetic 

f i e l d  t o  a second antenna. Both types  of experiments  were c a r r i e d  out  

s u c c e s s f u l l y .  5J8910713914921 722 They succeeded i n  v e r i f y i n g  CHW theory  

f o r  t h e  f i r s t  t ime, and i n  so  doing con t r ibu ted  v a l u a b l e  support  t o  

microscopic plasma wave theo ry  i n  gene ra l  s28 The r i n g i n g  observa t ions  

confirmed t h e  suggested exp lana t ion  of "Alouette" resonances a s  a ze ro  

group v e l o c i t y  e f f e c t .  The only s i g n i f i c a n t  p o i n t  l e f t  ou t s t and ing  w a s  

t h a t  of t h e  temporal decay of t h e  r i n g i n g  which d id  no t  check c l o s e l y  

I t  should consequent ly  be p o s s i b l e  t o  

A l t e r n a t i v e l y  

with theory  based on r a t h e r  i d e a l i z e d  models. %,51 

The theo ry  f o r  an e l e c t r o n  beam i n t e r a c t i n g  wi th  a plasma was 

examined i n  d e t a i l  numerical ly  f o r  v a r i o u s  hypo the t i ca l  combinations of 

ho t  or cold  background plasma wi th  hot  or cold beams, i . e .  wi th  beams 

having vary ing  t r a n s v e r s e  and l o n g i t u d i n a l  energy spread.  33 
t h a t  CHW growth w a s  g e n e r a l l y  p red ic t ed  f o r  propagat ion  almost perpen- 

d i c u l a r  t o  t h e  s t a t i c  magnetic f i e l d ,  and t h a t  t h i s  i n s t a b i l i t y  was 

expected t o  occur  i n  compet i t ion  wi th  l o n g i t u d i n a l  beam-plasma i n t e r a c t i o n .  

Some experiments  were c a r r i e d  o u t  under another  c o n t r a c t  t o  demonstrate 

t h a t  t h e  theory  p red ic t ed  no i se  a m p l i f i c a t i o n  i n  frequency ranges cor res -  

ponding t o  t h o s e  a c t u a l l y  observed. Close  agreement was  impossible  t o  

o b t a i n  s i n c e  t h e  growth was abso lu te  r a t h e r  t han  convect ive,  i .e. s i g n a l s  

grew temporal ly  from n o i s e  t o  s a t u r a t i o n ,  r a t h e r  t han  obeying t h e  s i m p l e  

l i n e a r  theory  f o r  an ex te rna l ly -app l i ed  s i g n a l .  There w a s  i n  a d d i t i o n  

t h e  competing i n f l u e n c e  of l o n g i t u d i n a l  beam-plasma i n t e r a c t i o n  mentioned 

above, As an outgrowth of t h e s e  beam-plasma experiments,  a t t e n t i o n  

w a s  focused on t h i s  l o n g i t u d i n a l  beam-plasma mechanism under the  p re sen t  

g r a n t ,  A s  t h e s e  experiments  do not  s t r i c t l y  concern CHW, d i s c u s s i o n  

w i l l  be  de fe r r ed  t o  Sec t ion  IID. 

I t  w a s  found 

64 
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B. Diagnos t ic  Techniques 

I n  view of t h e  success  of our  group de lay  measurements on CHW 

wave-packets, i t  seemed l i k e l y  t h a t  a technique might be  f e a s i b l e  for 

determining plasma e l e c t r o n  d e n s i t y ,  temperature ,  and cyc lo t ron  frequency, 

f r ee  from l o c a l  e f f e c t s  such a s  plasma shea ths ,  simply by f i t t i n g  CHW 

d i s p e r s i o n  curves  t o  group de lay  d a t a  f o r  two antennas a known d i s t a n c e  

a p a r t  pe rpend icu la r  t o  t h e  magnetic f i e l d .  A s u i t a b l e  experiment w a s  

proposed f o r  a NASA o r b i t i n g  workshop p r o j e c t ,  but  a f t e r  f u r t h e r  examination 

and model experiments  i t  seems l i k e l y  t h a t  r e s u l t s  would be d i f f i c u l t  t o  

o b t a i n  i n  p r a c t i c e  due t o  mechanical and alignment problems wi th  t h e  

necessary  antennas.  A more a t t r a c t i v e  a l t e r n a t i v e  i s  t o  measure t h e  

plasma impedance between two e l e c t r o d e s  a s  a f u n c t i o n  of frequency, and 

t o  deduce t h e  plasma parameters  from such measurements. Th i s  i s  e f f e c t i v e l y  

a magnetoplasma c a p a c i t o r  experiment, and cons ide rab le  a t t e n t i o n  h a s  been 

g iven  under t h e  g r a n t  t o  t h e  boundary-value problem posed by an e l e c t r o d e  

system f i l l e d  w i t h  a h o t  magnetoplasma. 

Our f i r s t  approach t o  t h e  plasma c a p a c i t o r  problem was t o  simply 

assume a p l ana r  or coax ia l  system f i l l e d  w i t h  plasma having t h e  p e r m i t t i -  

v i t y  p r e d i c t e d  by Berns t e in .  Th i s  i n  t u r n  p red ic t ed  a series of resonances 

damped only by c o l l i s i o n s .  3 7 4  However, experiment showed t h a t  t h e s e  d id  

n o t  occur  u n l e s s  g r i d s  were used for t h e  e l e c t r o d e s .  The reason  f o r  

t h i s  can be t r a c e d  t o  c o l l i s i o n l e s s  damping a s soc ia t ed  wi th  open charged 

p a r t i c l e  o r b i t s  when opaque e l e c t r o d e s  a r e  used. For t h i s  reason,  a 

f u l l  o r b i t  a n a l y s i s  was c a r r i e d  out  which demonstrated increased  damping 

and d isappearance  of t h e  resonances.  24y39 This  work h a s  no t  been sub- 

mi t t ed  f o r  p u b l i c a t i o n  ye t ,  a l though most of i t  was completed over two 

yea r s  ago. Recent ly ,  w e  have been working on a r ev i sed  ve r s ion  of t h e  

o r i g i n a l  r e p o r t .  I t  should b e  emphasized i n  connect ion w i t h  t h i s  work 

t h a t  i t  i s  f o r  p l a n a r  and coax ia l  geometry, n e i t h e r  of which a r e  a t t r a c t i v e  

for l a b o r a t o r y  or space  plasma experiments.  More convenient would be 

p a r a l l e l  w i r e  geometry, and we have begun t o  extend t h e  theory dur ing  

t h e  l a s t  r e p o r t i n g  per iod  t o  cover t h i s  case .  

5 



Some y e a r s  ago, a u se fu l  d i a g n o s t i c  technique w a s  developed based 
65 on resonance r e c t i f i c a t i o n .  

A s p h e r i c a l  probe surrounded by i t s  space-charge shea th  could be  shown 

t o  r e s o n a t e  wi th  t h e  plasma a t  a f requency r e l a t e d  t o  t h e  l o c a l  e l e c t r o n  

plasma frequency. 

non l inea r ly  r e c t i f i e d  DC probe c u r r e n t .  A s i m i l a r  effect i s  t o  be  

expected f o r  a w i r e  probe a l igned  p a r a l l e l  to  t h e  s t a t i c  magnetic f i e l d  

i n  a ho t  magnetoplasma. Work c a r r i e d  out  under t h e  g r a n t  demonstrated 

a ser ies  of such resonances which could be  used t o  diagnose t h e  p r o p e r t i e s  

This  was p r imar i ly  f o r  unmagnetized plasmas. 

Coinciding wi th  t h e  R F  resonance i s  a peak i n  t h e  

of t h e  plasma, 19.9 23  

C.  Ionospher ic  P u l s e  Response 

The "Alouette" resonances s t i m u l a t i n g  t h e  f i r s t  phase of our 

program were exc i t ed  by space-probing v e h i c l e s .  I n  c o n t r a s t ,  amongst 

our  more r e c e n t  p r o j e c t s  have been two r e l a t e d  t o  ionospher ic  response 

t o  p u l s e s  t r ansmi t t ed  from ground-based t r a n s m i t t e r s ,  observed wi th  

ground-based r e c e i v e r s .  The f i r s t  concerns very long  delayed r a d i o  

echoes (LDE), and t h e  o t h e r  non l inea r  mixing in  meteor t r a i l s .  

- LDE: During t h e  1969 c o n t r a c t  year ,  some support  w a s  der ived  

from t h i s  g r a n t  f o r  ionospher ic  probing s t u d i e s  aimed a t  observing LDE. 

Th i s  phenomenon was f i r s t  observed i n  t h e  l a t e  l92O's and e a r l y  1 9 3 0 ' ~ ~  
and manifested i t s e l f  a s  r e c e p t i o n  of  Morse s i g n a l s  with de lays  of up 

t o  t e n s  of seconds a f t e r  t h e i r  t r a n s m i s ~ i o n . ~ ~  

t h e  e f f e c t ,  and t o  e s t a b l i s h  i t s  o r i g i n ,  was provided by obse rva t ion  of 

'memory' phenomena i n  l a b o r a t o r y  plasmas a t  S tanford  and elsewhere.  I t  

seemed t h a t  t h e  mechanism ope ra t ive  i n  t h e s e  experiments might account 

f o r  LDE. Closer  examination showed t h i s  no t  t o  be  soJ and two a l t e r n a t i v e  

mechanisms were s tudied :  small-s ignal  growth of ord inary  waves, and para- 

me t r i c  ampl i f i ca t ion .  I n  p a r a l l e l  w i th  t h e  t h e o r e t i c a l  r e s u l t s ,  an 

ionospher ic  sounding system was run  under t h e  p r e s e n t  g r a n t  with t h e  

o b j e c t  of ob ta in ing  evidence f o r  t h e  e x i s t e n c e  of LDE. The r e s u l t s  were 

i n i t i a l l y  nega t ive ,  and t h e  work w a s  t r a n s f e r r e d  t o  an NSF g r a n t  obtained 

s p e c i f i c a l l y  t o  cover  t h e  p r o j e c t ,  

been obtained which appear t o  show LDE, and a p r o j e c t  r e l a t e d  t o  them 

Motivat ion t o  re-examine 

S ince  then,  about a dozen r eco rds  have 
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w i l l  probably be included i n  t h e  ex tens ion  program t o  t h e  p r e s e n t  g r a n t  

t o  be c a r r i e d  ou t  under NASA Grant NGL 05-020-176. 

Meteor T r a i l s :  There i s  c u r r e n t l y  a very  r ap id  growth of 

i n t e r e s t  i n  non l inea r  wave phenomena. Th i s  stems from two f a c t o r s :  

f i rs t ,  t h e  success fu l  v e r i f i c a t i o n  of n e a r l y  a l l  b a s i c  small-s ignal  wave 

d i s p e r s i o n  c h a r a c t e r i s t i c s ,  e i t h e r  i n  space or i n  l a b o r a t o r y  plasmas, 

and second, an accumulation of d a t a  from high-power experiments which 

seem t o  be  e x p l i c a b l e  only i n  terms of non l inea r  theory .  I t  i s  c l e a r  

t h a t  p r o j e c t s  such a s  t h e  ESSA 1 MW sounder a t  Boulder,  Colorado, w i l l  

r a p i d l y  provide  a series of non l inea r  problems f o r  so lu t ion .  We have 

chosen f o r  s tudy under t h i s  g r a n t  t h e  non l inea r  s c a t t e r i n g  from meteor 

t r a i l s .  This  seems t o  have been observed a l r eady  i n  t h e  ionosphere,  

and l e n d s  i t s e l f  t o  a n a l y s i s  and t o  ready s imula t ion  i n  a l a b o r a t o r y  

experiment a s  a n o n l i n e a r  s c a t t e r i n g  experiment on a p o s i t i v e  column. 

Some i n i t i a l  t h e o r e t i c a l  work was desc r ibed  i n  SAR 9. P rogres s  dur ing  

t h e  l a s t  s i x  months of t he  g r a n t  i s  a s  fo l lows .  

28 

6 2  

41 

Theory: We have extended t h e  theory  f o r  a homogeneous plasma 

column descr ibed  i n  SAR 9 t o  i n c l u d e  r a d i a l  inhomogeneity. The work w i l l  

be inc luded  i n  a comprehensive r e p o r t  now i n  p r e ~ a r a t i o n ~ ~  so only an 

o u t l i n e  w i l l  be g iven  he re .  The s i t u a t i o n  considered i s  t h a t  of an 

i n f i n i t e l y  long  column, o r i en ted  a long  t h e  z-axis, i n  which t h e  plasma 

d e n s i t y  v a r i e s  only w i t h  r ad ius .  P l ane  waves w i t h  f r equenc ie s  W and 

0) propagat ing  a long  t h e  x-axis i n  t h e  d i r e c t i o n  of i n c r e a s i n g  x i n t e r -  

a c t  non l inea r ly  i n  t h e  column t o  produce a t h i r d  wave a t  frequency 

(u (= (up + m y )  The impinging waves have E and H components only,  

whi le  t h e  s c a t t e r e d  wave has  only HZ , Ee , and E components. A l l  

f i e l d  q u a n t i t i e s  a r e  assumed t o  depend only on x and y (or r and 

e )  ~ 

approximation, form t h e  framework of t h e  theory.  

B 
Y 

a Y z 

r 

Cold plasma theory,and Maxwell 's  equa t ions  wi th  t h e  q u a s i s t a t i c  

A p lane  wave t r a v e l l i n g  a s  descr ibed  sets up a p o t e n t i a l  f i e l d  of 

t h e  form 

- 
= ~ r  s i n e ,  'inc 
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where 8 i s  t h e  ang le  between r and t h e  x ax i s .  Outside t h e  p l a s m a  
column, of r a d i u s  a ,  t h e  v o l t a g e  s a t i s f i e s  Lap lace ' s  equat ion  (v  2 V = O), 

which has  a s o l u t i o n  of t h e  form 

where 5 = r /a  Ins ide ,  t h e  governing equat ion  i s  

( 3 )  
2 K V V + V K * V V = O ,  

where K = 1 - C U 2 / C U 2  

l i n e a r  s o l u t i o n  t o  Eq, ( 3 )  may be w r i t t e n  a s  

and CU i s  t h e  e l e c t r o n  plasma frequency. The 
P P 

I 

V = g$Ea s i n  8 , (4) 

where g s a t i s f i e s  t h e  equat ion  

wi th  g = 0 g '  = 1 and g" = 0 a t  5 = 0 and t h e  prime r e f e r s  t o  

d i f f e r e n t i a t i o n  wi th  r e s p e c t  t o  5 e When w e  apply t h e  boundary con- 

d i t i o n s  t h a t  V and K a V / a g  a r e  cont inuous w e  f i n d  t h a t  

where s u b s c r i p t  i r e f e r s  t o  t h e  i n s i d e  of t h e  boundary a t  r = a . 
I n s i d e  t h e  plasma, t h e  e l e c t r i c  f i e l d  i s  given by 

The v e l o c i t y  v i s  g iven  by - 

where 1 i s  t h e  e l e c t r o n  charge-to-mass r a t i o .  

8 



The charge d e n s i t y  i s  obtained by so lv ing  t h e  equat ion  

f o r  '7 e E t o  o b t a i n  - 

where s h a s  been w r i t t e n  f o r  -g'K'/K e The s u r f a c e  charge i s  found from 

t h e  r e l a t i o n  

W e  now t u r n  t o  t h e  non l inea r  theory .  Our b a s i c  equat ions  a r e  

Maxwell 's  equa t ions  

a E  
u 

V X - H = so at + - J , v X - E = 0 , v * - E = p/co ~ (12) 

t o g e t h e r  w i t h  t h e  momentum t r a n s f e r  equat ion ,  and t h e  c u r r e n t  equat ion 

a, 
a t  - - - (13) 
- - + ( v * v ) v  = 7: , ,J = pv . 

I f  w e  expand t h e s e  equa t ions  i n  a F o u r i e r  series wi th  t e r m s  of t h e  form 

exp j ( m a t  - kax), t hey  t a k e  t h e  form 

where = a -W and i s  t h e  symmetry ope ra to r  def ined  by t h e  equat ion  
a B Y'  

c f ( B , Y )  = f(B,r) + fC7,B) - 
I f  w e  s u b s t i t u t e  t h e  l a s t  two expres s ions  i n  Eq. (14) i n t o  t h e  f i rs t ,  and 

s impl i fy ,  w e  o b t a i n  

9 



If w e  d i v i d e  by K and t a k e  t h e  c u r l  of t h i s  equat ion,  we o b t a i n  a ’  

V2H -a - K a v - K 1 X(VXH -a ) = - K a ( 2 ) X  + v(g) X V(v -B av -Y ) } (16) a 

I n  ob ta in ing  Eq, (16), w e  have used t h e  f a c t  t h a t  i n  nonl inear  terms we 

must s u b s t i t u t e  f i r s t  o r d e r  q u a n t i t i e s ,  and t h a t  t h e  f i r s t  o rder  v and 

E s a t i s f y  t h e  r e l a t i o n s  v = vE/jU and v X v = 0 = v X E e W e  can  

w r i t e  ou t  Eq. (16) a s  

- 
- - c u ,.d 

W e  a r e  now i n  a p o s i t i o n  t o  d e r i v e  t h e  express ion  f o r  T . Using 

Eqs. ( T ) ,  ( 8 ) ,  and (10) w e  see t h a t  

S imi l a r ly ,  w e  o b t a i n  

2 
$ ’/’ E T )  , (19) ‘T12 2 cos 8 

B Y  B Y  B Y  52 B Y B Y  
g’ g’ s i n  8 + g g - v(v * v  ) = - 

-B -Y 

or, a l t e r n a t i v e l y ,  
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S u b s t i t u t i n g  i n t o  Eq. (17) y i e l d s  

where u) i s  some a r b i t r a r y  r e f e r e n c e  frequency. 
N 

The first boundary cond i t ion  i s  g iven  by 

where s u b s c r i p t  i and 0 r e f e r  t o  t h e  i n n e r  and o u t e r  s i d e s  of t h e  

boundary a t  { = 1, and Js i s  t h e  s u r f a c e  cu r ren t .  The s u r f a c e  c u r r e n t  

i s  g iven  by 

which, upon s u b s t i t u t i o n  of Eqs. ( 7 ) ,  ( 8 ) ,  and (ll), t a k e s  t h e  form 

The second boundary cond i t ion  comes from t h e  e q u a l i t y  of Ee 
on 

e i t h e r  s i d e  of t h e  boundary. Using Eq. (l5), t h i s  s t a t e s  t h a t  

+ c p v  + -  J p o  [v(, ev )] 3 0 ( 2 5 )  
B-9Y "a -B  -Y e 
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S u b s t i t u t i n g  Eqs ,  

K ai 

& =  

We s o l v e  f o r  

t h e  form 

(10) w e  o b t a i n  

2 0 \ 

H by no t ing  t h a t  o u t s i d e  t h e  plasma t h e  f i e l d  has  
ZCX 

- -  
= E E B s i n  26 H 

H Z a  B Y 

whi le  i t s  d e r i v a t i v e  i s  g iven  by 

where B i s  a cons t an t  t o  be determined. From Eqs. (17) and (21) ,  w e  

see t h a t  t h e  f i e l d  i n s i d e  t h e  plasma i s  g iven  by 

s a t i s f i e s  t h e  equat ion  
h l C X  

where A i s  a c o n s t a n t ;  

K '  
h = 0 ,  1 d  4 a 
la 

= 0 , and h s a t i s f i e s  2a with  hla = O 9 h1; = 0 and h& = 1 a t  

t h e  equat ion  

1 2  



wi th  h2a = h ' - = 0 a t  5 = 0 e If w e  s u b s t i t u t e  E q s .  ( 2 7 ) ,  (28), 
and ( 2 9 )  i n t o  t h e  boundary cond i t ions ,  w e  can show t h a t  

2a - h;A 
B i s  given by 

( J =  
i 

I n  o r d e r  t o  r e l a t e  B 

n o t e  t h a t  t h e  incoming power i s  given by 

t o  t h e  incoming and outgoing power f l u x e s ,  we 

= 2 c O c E ,  -2 
'inc 

wh i l e  t h e  outgoing power a s soc ia t ed  wi th  t h e  wave corresponding t o  

Eq.  (27)  i s  given by 

S u b s t i t u t i n g  from E q s .  (32 )  and ( 3 3 ) ,  w e  o b t a i n  t h e  f i n a l  r e s u l t  

( 3 3 )  



Recent ly ,  we have begun t o  c a r r y  ou t  computations of Eq. ( 3 5 )  t o  

compare t h e  s c a t t e r i n g  from uniform and p a r a b o l i c  plasma p r o f i l e s .  This  

work w i l l  be  r epor t ed  i n  t h e  next SAR under g r a n t  NGL 05-020-176. 

Experiment: Es t imates  of s c a t t e r e d  power suggest  t h a t  t h e  

theory  j u s t  o u t l i n e d  should be r e a d i l y  s u s c e p t i b l e  t o  l abora to ry  v e r i -  

f i c a t i o n ,  

t o  dec ide  whether t h e  e f f e c t  could exp la in  t h e  ionospher ic  observa t ions  

of f requency mixing i n  meteor t r a i l s .  

suggest  themselves:  

and t o  i l l u m i n a t e  wi th  s i g n a l s  a t  uJ uJ A movable horn can then  be 

used t o  measure t h e  s c a t t e r e d  power a t  W and t h e  p o l a r  p a t t e r n .  

Second, i s  t h e  p o s s i b i l i t y  of p l ac ing  t h e  tube  i n  a microwave c a v i t y  

resonant  a t  uJ uJ and UJ and measuring t h e  power output  a t  uJ We 

chose t h e  second f o r  our i n i t i a l  s t u d i e s ,  s i n c e  t h e  use  of a c a v i t y  

a l lows high e l e c t r i c  f i e l d s  t o  be  appl ied  t o  t h e  plasma. 

I f  t h i s  can be  c a r r i e d  out success fu l ly ,  i t  should be p o s s i b l e  

62 
Two experimental  approaches 

f i r s t ,  t o  suspend a plasma column i n  f r e e  space,  

B’ 7 
a ’  

a’ g3’ 7 ’  a ”  

For s i m p l i c i t y ,  

= = 
modes f o r  

121 Y 
and TE 

TElll a c a v i t y  resonant  i n  t h e  

w a s  designed.  I t  was found t o  be  extremely d i f f i c u l t  t o  a d j u s t  for 

optimum performance, so  t h i s  method w a s  abandoned i n  f avor  of s c a t t e r i n g  

from a column suspended e f f e c t i v e l y  i n  f r e e  space.  

F igu re  1 shows t h e  arrangement of t h e  plasma and antennas used i n  

our  experiments.  The plasma i s  a mercury-vapor p o s i t i v e  column i n  a 

s m a l l  pyrex tube  ( o u t s i d e  diameter  3 mm, i n s i d e  diameter  3 mm).  The 

t r a n s m i t t i n g  antenna i s  an S-band horn wi th  a d i e l e c t r i c  l e n s ,  The 

r e c e i v i n g  antenna i s  a 2.4 mm d i p o l e  supported on small  diameter  50 61 
r i g i d  coax l i n e ,  

F igu re  2 shows t h e  s i g n a l  gene ra t ing  and r e c e i v i n g  sys t em.  I n  t h i s ,  

t h e  t r a n s m i t t e r  s i g n a l  i s  amplitude-modulated by a 1 kHz square  wave. 

The 1 kHz s i g n a l  a t  t h e  r e c e i v e r  i s  ampl i f ied  and de tec t ed  i n  a narrow 

band lock - in  a m p l i f i e r .  T h i s  permi ts  t h e  use of a much s m a l l e r  passband 

than  i s  provided by. t h e  r e c e i v e r  I F  a m p l i f i e r ,  I t  would not  be p o s s i b l e  

t o  u s e  a very narrow band i n  t h e  I F  because t h e  microwave o s c i l l a t o r s  

(2,20 GHz and 4,43 GHz) a r e  frequency-modulated by power supply r i p p l e ,  

and have bandwidths of s e v e r a l  hundred kHz, The advantage of a narrow 

band system i s  less  noise ,  and hence g r e a t e r  s e n s i t i v i t y .  I n  t h i s  
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experiment,  high s e n s i t i v i t y  i s  needed. A f u r t h e r  improvement i n  s igna l -  

to -noise  r a t i o  can be obtained by i n j e c t i n g  a small  amount of 4.40 GHz 

CW i n t o  t h e  r e c e i v e r .  

of t h e  rece ived  second harmonic and t h e  output  i s  one of t h e  two quadra ture  

components of t h e  inpu t .  The o t h e r  component i s  obta ined  by changing t h e  

phase s h i f t e r  by 90". 
f o r  phase measurements h a s  not  been used ex tens ive ly .  

With t h e  s y s t e m  j u s t  descr ibed ,  t h e  power of t h e  RF f i e l d  i n c i d e n t  

The system then  becomes s e n s i t i v e  t o  t h e  phase 

I n  t h e  experimental  work t h u s  f a r ,  t h i s  p rov i s ion  

I '  on t h e  plasma (dur ing  t h e  

2 mW/cm . 
of known power. F igu re  3 shows t y p i c a l  da t a  p l o t s  f o r  t h i s  conf igu ra t ion .  

I n  t h e  p l o t s ,  t h e  second harmonic ampli tude i s  recorded a s  a f u n c t i o n  of 

d i scha rge  c u r r e n t .  The ampli tude c h a r a c t e r i s t i c  of t h e  system i s  very 

n e a r l y  square-law so  t h a t  t h e  Y-ax i s  on t h e  p l o t s  r e p r e s e n t s  s i g n a l  

power. 

t h e  app l i ed  frequency ( 2 * 2 0  G H z ) .  

genera t ion .  F igu re  3( a )  shows t h i s  resonance. Harmonic gene ra t ion  has  

a l s o  been observed a t  h ighe r  o rde r  resonances (Tonks-Dattner resonances)  

a s  shown i n  F ig .  3( b )  . 

on" ha l f  of t h e  modulating square  wave) i s  
2 

I t s  va lue  was measured by comparison wi th  waveguide f i e l d s  

A t  a c u r r e n t  of 130 mA, t h e  plasma column i s  d i p o l e  resonant  a t  

A t  t h i s  p o i n t  t h e r e  i s  maximum harmonic 

I n  t h e  course  of our  pre l iminary  experiments,  i t  was noted t h a t  

weak magnetic f i e l d s ,  t h e  E a r t h ' s  magnetic f i e l d  i n  p a r t i c u l a r ,  had a 

s t r o n g  e f f e c t  on t h e  second harmonic r a d i a t i o n  p a t t e r n .  This  e f f e c t  does 

no t  seem t o  have been mentioned be fo re  i n  t h e  l i t e r a t u r e .  The presence  

of a magnetic f i e l d  produced a s t rong  component of d i p o l a r  r a d i a t i o n .  

Th i s  sugges t s  t h a t  agreement w i t h  t heo ry  can only be expected a f t e r  t h e  

E a r t h ' s  f i e l d  h a s  been cance l l ed .  

da t a  wi th  t h e  E a r t h ' s  magnetic f i e l d  cance l l ed  by applying an equal  b u t  

oppos i t e  f i e l d  w i t h  a l a r g e  diameter  (m 1 meter)  25-turn c o i l .  Without 

such a c o i l ,  t h e  r a d i a t i o n  p a t t e r n  i s  e s s e n t i a l l y  d i p o l a r .  

quadrupole r a d i a t i o n  i s  observed, a s  suggested by theory.  

p a t t e r n s  a r e  be ing  t aken  and w i l l  be presented  i n  t h e  next SAR under 

NASA Grant NGL 05-020-176. 

Recent ly ,  w e  have been t ak ing  s c a t t e r i n g  

With t h e  c o i l ,  

De ta i l ed  p o l a r  





D. Beam-plasma I n t e r a c t i o n  

A s  w a s  mentioned i n  Sec t ion  I I A ,  d i f f i c u l t y  was encountered when 

t r y i n g  t o  o b t a i n  d e t a i l e d  comparisons between theory  and experiment f o r  

e l e c t r o n  beam-stimulated CHW, This  was due t o  l o n g i t u d i n a l  beam-plasma 

i n t e r a c t i o n  l e a d i n g  t o  s t r o n g  growth nea r  t h e  e l e c t r o n  plasma and cyclo- 

t r o n  f r equenc ie s  (m This  type  of a m p l i f i c a t i o n  f e e d s  on t h e  beam 

energy p a r a l l e l  t o  t h e  magnetic f i e l d ,  whereas CHW ampl i f i ca t ion  re l ies  

on e x t r a c t i o n  of pe rpend icu la r  energy, i .e . ,  t h a t  due t o  gy ra t ion  of t h e  

beam e l e c t r o n s  about magnetic f i e l d  l i n e s .  I n  important  ionospher ic  

s i t u a t i o n s ,  such a s  t h e  a u r o r a l  zones and t h e  e a r t h ' s  bow shock, groups 

of e l e c t r o n s  i n t e r a c t  wi th  t h e  background plasma and may be r e spons ib l e  

for both t y p e s  of ampl i f i ca t ion .  For t h i s  reason,  e f f o r t  under t h e  g r a n t  

has  been app l i ed  t o  e l u c i d a t i n g  c e r t a i n  of t h e i r  f e a t u r e s .  

P 

The f i r s t  p r o j e c t  was t h a t  descr ibed  i n  Sec t ion  I I A .  T h i s  w a s  
41 followed by some t h e o r e t i c a l  work descr ibed  i n  SAR 9 whose o b j e c t s  

were t o  e s t a b l i s h  how l o n g i t u d i n a l  growth causes  spreading  of an i n i t i a  

monoenergetic beam v e l o c i t y  d i s t r i b u t i o n .  Th i s  work was c a r r i e d  out  by 

a v i s i t i n g  r e sea rch  a s s o c i a t e  (Dr. H. J. Hopman) who had previous ly  

obtained experimental  measurements of t h e  v e l o c i t y  spreading f o r  comparison 

wi th  t h e  theory .  66J67 The s i g n i f i c a n c e  of t h i s  work i s  t h a t  a s  t he  a x i a l  

v e l o c i t y  spread i n c r e a s e s ,  t h e  growth due t o  l o n g i t u d i n a l  beam-plasma 

i n t e r a c t i o n  dec reases  u n t i l  f i n a l l y  t h e  dominant observable  e f f e c t s  a r e  

t hose  due t o  s t i m u l a t i o n  of pe rpend icu la r ly  propagat ing  CHW. Although 

the  q u a l i t a t i v e  agreement i s  s a t i s f a c t o r y ,  there  a r e  s i g n i f i c a n t  d i f f e r e n c e s  

between t h e  theo ry  c a r r i e d  out  for an i n f i n i t e  beam, and experiments f o r  

a n e c e s s a r i l y  f i n i t e  beam. 

A remarkable f e a t u r e  of beam-plasma i n t e r a c t i o n  experiments c a r r i e d  

out  wi th  magnetoplasmas i s  t h a t  RF n o i s e  i s  gene ra l ly  emit ted i n  sharp 

i r r e g u l a r  b u r s t s .  Temporal growth from n o i s e  i s  not  unexpected from t h e  

theory,  bu t  i t  i s  s t i l l  unexplained why t h e  s i g n a l s  shu t  off and r epea t ,  

r a t h e r  t han  growing t o  a s t eady  s t a t e  of s a t u r a t i o n .  The s o l u t i o n  i s  

obviously not  contained by l i n e a r  theory,  SO we have undertaken a s t u d y  

dur ing  t h e  l a s t  s i x  months of t h e  g r a n t  of nonl inear  beam-plasma i n t e r -  

a c t i o n ,  w i t h  t h e  i n t e n t i o n  of p r e d i c t i n g  t h e  temporal nonl inear  beam- 



plasma i n t e r a c t i o n  behavior  and checking i t  exper imenta l ly  i n  an appara tus  

designed f o r  beam-plasma s t u d i e s  under another  c o n t r a c t  which has  become 

a v a i l a b l e  t o  us .  68 
ionospher ic  phenomena such a s  t ime-varying n o i s e  emissions from t h e  

a u r o r a l  zones. P rogres s  du r ing  t h e  f i n a l  r e p o r t i n g  per iod  i s  a s  fo l lows .  

I t  i s  hoped t h a t  t h e  r e s u l t s  w i l l  be  r e l e v a n t  t o  

Theory: I t  was poin ted  out  by Sturrock,  69 n e a r l y  t e n  yea r s  

ago, t h a t  i f  t h r e e  waves propagat ing  a s  exp j ( U t  - k - r )  i n t e r a c t  non- 

l i n e a r l y  and have f r equenc ie s  and wave numbers s a t i s f y i n g  t h e  resonance 

cond i t i ons , 

- -  

w = w  + w  
a B Y ,  

then,  provided t h a t  t h e  s i g n  of t h e  

from t h a t  of p and y ~ exp los ive  

k = k  + k  -a -p -y  

small-s ignal  energy of Wave a d i f f e r s  

i n s t a b i l i t y  can occur,  i .e. growth 

from n o i s e  t o  i n f i n i t e  ampli tude can occur  i n  a f i n i t e  t i m e .  

h ighe r  o r d e r  c o r r e c t i o n s  w i l l  p revent  i n f i n i t e  ampli tude a c t u a l l y  being 

reached, bu t  t h e r e  i s  a s t r o n g  i m p l i c a t i o n  t h a t  experimental  s i t u a t i o n s  

should occur  i n  which t h i s  fas te r - than-exponent ia l  non l inea r  growth 

should dominate over  small-s ignal  exponent ia l  growth. The ques t ion  

n a t u r a l l y  a r i s e s  of whether t h i s  i s  t h e  c a s e  for beam-plasma i n t e r a c t i o n  

i n  magnetoplasmas, and can e x p l a i n  t h e  n o i s e  b u r s t s  commonly observed 

from them. I t  i s  t h i s  q u e s t i o n  t h a t  w e  have se t  ou t  t o  answer. 

Natura l ly ,  

From t h e  experimental  p o i n t  of view, i t  would be d e s i r a b l e  t o  s tudy 

non l inea r  exp los ive  i n s t a b i l i t i e s  under cond i t ions  which a r e  s t a b l e  

according t o  l i n e a r  theory.  That such s i t u a t i o n s  should be a t t a i n a b l e  

i s  i n d i c a t e d  by Fig .  4, which shows d i s p e r s i o n  c h a r a c t e r i s t i c s  f o r  

monoenergetic ( d e l t a - f u n c t i o n )  e l e c t r o n  beam and cold plasma v e l o c i t y  

d i  s t r i bu t i ons ~ 

under c o n d i t i o n s  where t h e  beam and plasma f i l l  a conduct ing tube  of 

r a d i u s  a and u) >> u) The corresponding d i s p e r s i o n  r e l a t i o n  i s  
c e  Pe 
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D = 1 -  a 

where Pa i s  a J Bessel f u n c t i o n  r o o t ,  I t s  lowes t  va lue  i s  2,4 f o r  

an  axisymmetric mode. For the cond i t ion  
m 

9 (39) 

t h e  two beam modes do n o t  i n t e r s e c t  t h e  plasma modes and t h e  system i s  

small-s ignal  s t a b l e .  As t h e  para l le logram wi th  v e r t i c e s  C@rO demon- 

s t r a t e s ,  t h e  synchronism c o n d i t i o n s  of Eq. (36) can be  s a t i s f i e d  and 

non l inea r  growth should occur. This  w i l l  b e  exp los ive  s i n c e  t h e  slow 

beam wave c a r r i e s  n e g a t i v e  RF energy w h i l e  t h e  plasma waves c a r r y  p o s i t i v e  

energy, On t h e  o t h e r  hand, a pa ra l l e log ram wi th  a' a s  a ver tex ,  l y i n g  

on t h e  f a s t  beam wave branch, i nvo lves  t h r e e  p o s i t i v e  energy modes. For 

t h e s e  cond i t ions ,  paramet r ic  a m p l i f i c a t i o n  should be observable ,  bu t  

t h e  growth w i l l  no t  be  explos ive .  

During t h e  r e p o r t i n g  per iod  w e  have c a r r i e d  out  an a n a l y s i s  t o  de t e r -  

mine t h e  pa rame t r i c  growth r a t e .  D e t a i l s  w i l l  be  g iven  i n  a r e p o r t  now 

i n  p repa ra t ion .  Here, w e  w i l l  simply quote  t h e  s a l i e n t  r e s u l t s .  W e  

f i n d  t h a t  t h e r e  w i l l  be temporal growth of t h e  p and y waves a s  

exp ot  , when Wave a i s  t h e  pump, w i t h  

40 

2 h l =  

I n  t h i s  express ion ,  A 

i s  t h e  peak ampli tude of t h e  pump vo l t age ;  

i s  a cons tan t  w i t h  numerical  va lue  0.72; F a 
i s  given by, 

orBY 
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)] . (41)  

Computations have been c a r r i e d  ou t  f o r  Eq. (40), and a r e  shown i n  F igs .  5 
and 6, w i t h  A e t  

of t h e  o r d e r  of t h e  beam vo l t age ,  

growth, which should be  observable  exper imenta l ly .  

d e s c r i p t i o n s  of i t  have a l r eady  been g iven  elsewhere.  41y68 
gun g i v e s  t y p i c a l l y  a beam of 20-50 V, 0.5-5.0 mA, which c r e a t e s  a low 

d e n s i t y  plasma i n  t h e  n e u t r a l  background of argon a t  lom6 - 10 Torr .  

The plasma and beam a r e  immersed i n  an a x i a l  magnetic f i e l d  of about 

700 G, s p a t i a l l y  homogeneous t o  w i t h i n  k le? per  cen t .  

t aken  a s  un i ty ,  i . e e  f o r  a peak pump amplitude 

The numerical  va lues  suggest  s t rong  
Jmv: 

Experiment: F igure  7 shows t h e  set-up used. - D e t a i l e d  

The e l e c t r o n  

-4 

For l aunching  and d e t e c t i n g  waves i n  t h e  plasma or on t h e  beam, two 

probes a r e  a v a i l a b l e  t o g e t h e r  wi th  t h e  i n n e r  g r i d  i n  t h e  gun. One probe 

i s  f ixed  i n  a x i a l  l o c a t i o n ,  and can be moved r a d i a l l y .  The o t h e r  can be 

moved a long  t h e  plasma column. I ts  stem passes  t o  t h e  o u t s i d e  through 

a Wilson s e a l ,  and h a s  t h e  d e f e c t  of caus ing  p r e s s u r e  v a r i a t i o n s  when i t  

i s  moved, e s p e c i a l l y  when i t  i s  moved inward. The o u t e r  g r i d  of t h e  gun 

i s  a t  ground p o t e n t i a l ,  a s  i s  t h e  plasma chamber. The i n n e r  g r i d  i s  

connected t o  a v a r i a b l e  v o l t a g e  supply and s e r v e s  t o  r e g u l a t e  t h e  ex t r ac t ed  

beam c u r r e n t .  

proves t o  be  a much more e f f i c i e n t  d e t e c t o r  of plasma waves than a probe. 

The beam v o l t a g e  i s  determined by the  s e t t i n g  of t h e  gun cathode vo l t age .  

I t  i s  a l s o  connected c a p a c i t i v e l y  t o  t h e  outs ide ,  and 

I n  our  pre l iminary  experiments,  connect ion of t h e  inne r  g r i d  t o  a 

spectrum ana lyze r  demonstrated t h a t  t h e  gun r eg ion  w a s  very  noisy.  The 

s t r e n g t h  of t h e  n o i s e  depended s e n s i t i v e l y  on t h e  dc v o l t a g e  on t h e  inne r  

g r i d .  

t o  propagate  i n t o  t h e  plasma. General ly ,  i t  was found t h a t  a q u i e t  gun 

r eg ion  was a s soc ia t ed  wi th  a beam-generated plasma w i t h  only a s m a l l  

a x i a l  d e n s i t y  g r a d i e n t .  To avoid s t r o n g  r e f l e c t i o n  of waves from t h e  

end of t h e  plasma tube,  a g r a p h i t e  cone was mounted on t h e  energy ana lyzer .  

Under some cond i t ions ,  p a r t s  of t h e  gun n o i s e  spectrum were found 

A powerful method of determining beam and plasma parameters  i s  t o  

measure t h e  wave d i s p e r s i o n  c h a r a c t e r i s t i c s  of t h e  sys tem.  The convent ional  
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set-up used t o  measure t h e  r e l e v a n t  phases  and ampli tudes i s  i l l u s t r a t e d  

i n  F ig .  8. 
t o  t h e  i n n e r  g r i d  of t h e  gun. 

square-1 aw. 

I t  should be  emphasized t h a t  some c a r e  i s  needed t o  use t h e  p a r t i -  

Cables  A and B can be  connected t o  e i t h e r  of t h e  probes,  or 

The d e t e c t o r  set-up a s  a whole is  accura t e ly  

c u l a r  s i t u a t i o n  dep ic t ed  i n  F ig .  8. S ince  t h e  g r i d  i s  10 - 20 dB more 

e f f e c t i v e  i n  launching  waves than  i s  a probe, t h e  o s c i l l a t o r  s i g n a l  must 

no t  be allowed t o  l e a k  through t h e  hybr id  j u n c t i o n  and . the v a r i a b l e  

a t t e n u a t o r  t o  t h e  gun. By connect ing a probe t o  a spectrum analyzer ,  i t  

has  been checked t h a t  any beam modulation due t o  t h i s  e f f e c t  i s  below 

t h e  d e t e c t i o n  l e v e l  used i n  t h e  measurements. 

Another source  of concern has  been secondary emission from t h e  probes,  

caused by beam bombardment. I t  w a s  soon found t h a t  s i g n a l s  c a r r i e d  by 

t h e  r e s u l t i n g  s t reams of secondary e l e c t r o n s  could be more pronounced 

than  those  propagat ing  through t h e  plasma. 

probe i s  n o t  allowed t o  p e n e t r a t e  i n t o  t h e  beam. 

For  t h i s  reason, t h e  e x c i t e r  

Re fe r r ing  t o  Fig.  4, w e  see t h a t  a high frequency s i g n a l  excites 

t h e  two beam waves: t h e  slow beam space-charge wave with wave number 

and t h e  f a s t  wave, 

ampli tude p a t t e r n  i n  t h e  plasma tube, w i th  a wave number 

For l a r g e  k, k i =  /v  so t h a t  measurement of t h i s  q u a n t i t y  g ives  

CD d i r e c t l y .  

ks ’ 
kf , These waves w i l l  i n t e r f e r e  and produce a s p a t i a l  

k.[=(ks-kf)/2].  
1 

pb 0 ’ 
Pb 

To measure t h e  plasma d i s p e r s i o n  c h a r a c t e r i s t i c s ,  i t  i s  p r e f e r a b l e  

t o  e x c i t e  w i th  a probe 

wi th  a nega t ive  phase v e l o c i t y .  

exc i t ed ,  one plasma wave and two beam waves. 

i n t e r f e r e n c e  p a t t e r n  i n  t h e  plasma, and correspondingly complicated 

measurements t o  i n t e r p r e t .  Typical  phase and ampli tude measurements on 

Wave a r e  i l l u s t r a t e d  by t h e  i n s e t  i n  Fig.  9. I n  t h i s  case,  t h e  wave 

i s  launched by tkie a x i a l  probe, and de tec t ed  by t h e  gun g r i d .  

d i s p e r s i o n  diagrams r e s u l t i n g  from such measurements a r e  shown i n  Fig.  9. 
The beam plasma frequency i s  about 2 lMHz i n  t h e  O e 5  mA case ,  and t h e  beam 

d i s p e r s i o n  curves  f a l l  c l o s e l y  around t h e  dashed l i n e .  The s lope  of t h e  

plasma d i s p e r s i o n  curve i s  c . ~  /2xp = 29 X 10 cm , and t h e  f u l l  

Wave y i n  Fig.  4, propagat ing  towards t h e  gun 

I n  t h e  o t h e r  d i r e c t i o n ,  t h r e e  waves a r e  

These g ive  a double p e r i o d i c  

Some 

6 -1 
P e  
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t h e o r e t i c a l  d i s p e r s i o n  curve  f i t s  through t h e  measured p o i n t s  f o r  

Upe/2n x 200 MHz and p x 7 

d i s p e r s i o n  c h a r a c t e r i s t i c s  t h a t  should be  l i n e a r l y  s t a b l e  i n  t h e  high 

frequency reg ion .  

t h a t  t h e  plasma was indeed s t a b l e .  

and t o  i n c r e a s e  t h e  range  over  which t h e  experimental  parameters could 

be  va r i ed ,  t h e  plasma w a s  surrounded by a s l o t t e d  s t a i n l e s s  s t e e l  t ube  

38 cm i n  d iameter  and 40 cm long,  a s  i n d i c a t e d  i n  Fig.  8. 
c h a r a c t e r i s t i c s  shown i n  Fig.  9 were measured i n  t h i s  t u b e .  Due t o  t h e  

gap between t h e  tube  and the gun, t he  plasma i s  inhomogeneous over t h e  

f i rs t  2 cm, and i s  u s e l e s s  f o r  measurements. Th i s  i s  i l l u s t r a t e d  by t h e  

d a t a  i n s e t  i n  F ig .  9 which show an anomalous ampli tude i n c r e a s e  over 

t h e s e  2 cm, compatible  w i t h  a s t r o n g  d e n s i t y  decrease .  The plasma homo- 

gene i ty  was checked f u r t h e r  by us ing  t h e  a x i a l  probe a s  a nega t ive ly-  

b iased  Langmuir probe, measuring t h e  ion  s a t u r a t i o n  c u r r e n t ,  i Wfthin 

t h e  narrow tube,  i 

-20 V. S i m i l a r  r e s u l t s  were obtained wi th  a f l o a t i n g  probe. 

F igu re  9 demonstrates  t h a t  i t  i s  f e a s i b l e  t o  achieve  experimental  

I t  was checked independent ly  w i t h  a spectrum analyzer ,  

To  make t h e  s y s t e m  even more s t a b l e ,  

The d i spe r s ion  

f '  

changed by i- 2 p e r  cen t ,  w i t h  a probe vo l t age  of 
-I- 

So f a r ,  t he  expected exp los ive  i n s t a b i l i t y  h a s  not  been observed. 

There a r e ,  however, s t r o n g  low frequency o s c i l l a t i o n s ,  and apparent ly  

paramet r ic  coupl ing  invo lv ing  t h e s e  components. During t h e  next  f e w  

months, w e  w i l l  a t tempt  t o  e l u c i d a t e  t h i s  problem. 

r epor t ed  under NASA Grant  NGL 05-020-174, 

The p r o j e c t  w i l l  be 



111. REPORTS, CONFERENCE PAPERS, AND PUBLICATIONS RESULTING FROM RESEARCH 

GRANT NGR 05-020-077. 

Con t rac t  Year I (1 May 1963-30 A p r i l  1966): 
? I  1. T a t a r o n i s ,  J . A . ,  and Crawford, F.WY., Cyclo t ron  and C o l l i s i o n  

Damping of Propagat ing Waves i n  a Magnetoplasma" 
*Proc. 7 t h  I n t e r n a t i o n a l  Conference on Phenomena 
i n  Ionized  Gases, Belgrade, Yugoslavia,  August 1965 
(Gradevinska Knjiga Publ i sh ing  House, Belgrade 1966) 
2 ,  244-247 
F7th Annual Meeting of Plasma Physics  Div i s ion  of 
American Phys ica l  Soc ie ty ,  San Franc isco ,  November 1965 
B u l l .  Am. Phys. SOC., ll, 578 (1966) [Abstract  only].  
IPR 2 7  (August 1965) e 

I ?  2 .  Crawf ord , F .W. , European Trave l  Report" 
IPR 35 (October  1965). 

f I  3. Crawford, F.W., Harp, R.S., and Mantei, T.D. RF Admittance of a 
Probe i n  a Warm Magnetoplasm:" 
*7th  Symposium on Engineer ing Aspects  of MHD, 
Pr ince ton ,  N .  J., March 1966. 

4. Crawford, F.W., Mantei, T.D., and Ta ta ron i s ,  J . A . ,  "The Plasma 
Capac i to r  i n  a Magnetic F ie ld"  
IPR 64 ( A p r i l  1966) 
I n t .  J. E l e c t .  - 21, 341-351 (October  1966) 

I t  5. Crawford, F.W., Harp, R.S., and Mantei ,  T.D., Pulsed Transmission 
and Ringing Phenomena i n  a Warm Magnetoplasma" 
*American Phys ica l  Soc ie ty  Meeting, Mexico C i t y ,  
August 1966. 
Bu l l .  Am. Phys. SOC., 11, 717 ( J u l y  1966) [Abstract  
only]  e 

*IEEE I n t e r n a t i o n a l  Antennas and Propagat ion Sym- 
posium, P a l o  Alto,  C a l i f o r n i a ,  December 1966 
Phys. Rev. Letters lJ', 626 ( 1966) e 

Semiannual Reports :  

6 .  

7. 

No. 1 (1 May - 31 October,  1965) 
IPR 39 (November 1965) e 

IPR 74 (May 1966) 
No. 2 (1 November 1965 - 30 A p r i l  1966) 

-~~ - 
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* = Conference P r e s e n t a t i o n  
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8. 

9 .  

10. 

11. 

14. 

15 a 

16 

Cont rac t  Year I1 (1 May 1966 - 30 A p r i l  1967) 

Crawford, Few,,  Harp, R.S., and Mantei, T.D., "On t h e  I n t e r p r e t a t i o n  of 
Ionospher ic  Resonances S t imula ted  by Aloue t t e  I" 
IPR 75 (May 1966) 
J. Geophys. R e s .  E, 57-68 (January 1967) 
I1  Crawford, F.W., Cyclo t ron  Harmonic Waves i n  Plasmas" 
*American Phys ica l  S o c i e t y  Meeting, Minneapolis, 
Minnesota , ,June 1966 ( i n v i t e d  paper) 
Bul l .  Am. Phys. SOC., ll, 475 ( J u n e  1966) ( T i t l e  on ly )  

Crawf ord ,  F .W ~ , "Pulsed Cyclo t ron  Harmonic Wave Transmission" 
*Gordon Research Conference on Plasma Physics ,  
C r y s t a l  Mountain, Washington, August 1966. 

Diament, P., "Summation of S e r i e s  f o r  Cyclo t ron  Harmonic Wave 
Dispersion" 
IPR 113 (October  1966) 
Phys, F l u i d s ,  lo, 470-472 (February 1967) 
11 Diament, P., ~a gnet  opla  sma Wave P rope r t i e s "  
IPR l l 9  (November 1966). 

r i  
Crawford, F.W., Harp, R.S., and Mantei, T.D., S t u d i e s  of Cyclotron 

Harmonic Wave-packet Transmission" 
*8th  Annual Meeting of Plasma Phys ics  Div i s ion  of 
American Phys ica l  Soc ie ty ,  Boston, November 1966 
Bu l l .  Am. Phys. SOC. __. 12, 784 (May 1967) LAbstract on ly]  

11 
Crawford, F.W,, Harp, R.S., and Mantei, T.D;, A Group Delay Technique 

f o r  Ionospher ic  D iagnos t i c s  
* F a l l  URSI Meeting, Pa lo  Al to ,  C a l i f o r n i a ,  December 1966 

Semiannua.1 Reports: 

No. 3 (1 May - 31 October, 1966) 
IPR 111 (November 1966) 

No. 4 (1 November 1966 - 30 A p r i l  1967) 
IPR 167 ( J u n e  1967) e 



Cont rac t  Year 111 (1 my 1967 - 30 June 1968) 

A Convenient Model of C o l l i s i o n s  i n  a Plasma." 17. Dia.ment, P , ,  11 

IPR 172 ( June  1967) 

18. Diament, P,, I t  I n v e r s e  Ve loc i ty  Space Spec t ra  and K i n e t i c  Equations ~ I ?  

IPR 173 ( June  1967) 
Am. J. Phys. z9 906-912 (October  1967) 

f l  19. Crawford, F.W., Harp, R.S., and Mantei, T.D., Resonance R e c t i f i c a t i o n  
E f f e c t s  i n  Warm Magnetoplasmas" 
IPR 177 ( J u l y  1967) 
J. Appl. Phys. 2, 5077-7082 (December 1967). 
I t  20. Crawford, F.W., Cyclo t ron  Harmonic Wave Phenomena i n  Plasmas" 
*Proc. V I I I t h  I n t e r n a t i o n a l  Conference on Phenomena 
i n  Ionized  Gases ,  Vienna, Aus t r i a  August 1967 

i n  Ionized  Gases" (IAEA, Vienna 1968) 109-127. 
IPR 189 ( J u l y  1967) 

IPR 194 (August 1967) [Ph.D. Thesis] .  

[ I n v i t e d  Paper]. Publ ished i n ,  11 A ' Survey of Phenomena 

I 1  21, Mantei, T.D. , Cyclo t ron  Harmonic Wave Phenomena" 

11 22. Crawford, F.W., Laboratory Observat ions of Microscopic Plasma Wave 
Phenomena" 
"Conference on Plasma Waves, Culham, England 
September 1967 [ I n v i t e d  pa.per]. 

11 

23. Crawford, F.W., Harp, R.S., and Mantei.T.D., Observat ion of Resonance 
R e c t i f i c a t i o n  E f f e c t s  on a Magnetoplasma" 
IPR 200 (September 1967) 
Phys. L e t t e r s  a, 627-428 (October  1967). 

I t  
24. Harker,  K.J , ,  E i t e lbach ,  D.L., and Crawford, Few., Impedance of a 

Coaxia 1 Ma gnetopla  sma" 
*American Phys ica l  Soc ie ty  Meeting, Pasadena, 
C a l i f o r n i a ,  December 1967 
B u l l .  Am, Phys. SOC. I 12, 1137 (December 1967) 
LAbstract  only]  e 

IPR 228 (March 1968) e 

( 1  
25* T a t a r o n i s ,  J .A. ,  Cyclo t ron  Harmonic Wave Propagat ion and I n s t a b i l i t i e s "  

IPR 205 (December 1967) LPh.D. Thesis].  
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26. Ta ta ron i s ,  J . A . ,  and Crawford, F.W., "Alouet te  Plasma Resonance 
Ph enomenart 
*Spring URSI Meeting, Washington, D.C., A p r i l  1968 
*Proc. NATO Advanced Study I n s t i t u t e  on Plasma Waves i n  
Space and i n  t h e  Laboratory,  Rdros, Norway, Apri l  1968. 
Publ i shed  in ,  Plasma Waves i n  Space and i n  t h e  Laboratory,  
Ed. J. 0. Thomas and B. J. Landmark (Edinburgh Univ. 
P r e s s ,  Edinburgh 1970) Vol. 2, 91-109. 
IPR 234 (-March 1968) 

I t  
27. Crawford, F. We, A New Look a t  Very Long Delayed Radio Echoes" 

*Spring URSI Meeting, J o i n t  Sess ion  w i t K  AGU, Washington, 
D.C., Apr i l  1968 [ I n v i t e d  paper]. 
IPR 235 (Apr i l  1968) 

28. Crawford, F. W., "Laboratory Plasma Wave Experiments" 
*Proc. NATO Advanced Study I n s t i t u t e  on Plasma Waves i n  
Space and i n  t h e  Laboratory,  Rdros, Norway, Apr i l  1968. 
Publ i shed  i n ,  Plasma Waves i n  Space and i n  t h e  Laboratory,  
Ed. J. 0. Thomas and B. J. Landmark (Edinburgh Univ. 
P r e s s ,  Edinburgh 1969) V o l .  1, 125-156. 
IPR 236 (Apr i l  1968) 

Semiannual Reports:  

29 0 No. 5 (1 May - 30 November 1967) 
IPR 218 (December 1967). 

30 * No. 6 (1 December 1967 - 30 June 1968) 
IPR 252 ( J u l y  1968). 
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Cont rac t  Year I V  (1 J u l y  1968 - 30 June 1969) 
t ?  31. Ta ta ron i s ,  J . A . ,  and Crawford, F.W., E l e c t r o s t a t i c  Waves i n  Warm 

Magnetoplasma: I. Perpendicular  Propagation" 
IPR 325 (June  1969) 
J. Plasma Phys. - 4, 231-248 (May 1970) 

11 32. Ta ta ron i s ,  J . A . ,  and Crawford, F.W., E l e c t r o s t a t i c  Waves i n  Warm 
Magnetoplasma: 11. Oblique Propagation" 
IPR 326 (June  1969) 
J. Plasma Phys. - 4, 249-264 (May 1970) 

33. S e i d l ,  M., "High-Frequency Beadplasma I n t e r a c t i o n s  a t  F i n i t e  
Tempera tures"  
IPR 327 (June  1969) 
Phys. F l u i d s  lJ, 966-979 (Apr i l  1970) 

34. Crawford, F.W., "Laboratory Plasma Resonances" 
*Proc. URSI XVIth General Assembly Ottawa, Canada, 
August 1969 ( t o  be  publ i shed)  
IPR 328 (June  1969) 

Semiannual Reports :  

35 N o .  7 (1 J u l y  - 31 December 1968) 
IPR 317 (Apr i l  1969) 

36 9 
No.  8 (1 January - 30 June 1969) 

IPR 332 ( J u l y  1969) 
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Contrac t  Year V (1 J u l y  1969 - 30 June 1970) 

37* Crawford, F.W., "European Travel  Report" 
IPR 341 (September 1969) 

t i  38. Bruce, R.L,, and Harker,  K .  J., Nonlinear  S c a t t e r i n g  from Meteor T r a i l s "  
( I n  p repa ra t ion ,  June 1970) 

39. Harker, K . J . ,  Crawford, F . W . ,  and E i t e lbach ,  D.L., ? I  Impedance of a 
Coaxial  Magnetopl a sma" 
( I n  p repa ra t ion ,  June 1970) 

40. Hopman, H, J., "Three-wave I n t e r a c t i o n  i n  a Beam-plasma System" 
( I n  p repa ra t ion ,  June 1970) 

Semiannual Reports:  

41 e No. 9 (1 J u l y  - 31 December 1969) 
IPR 355 (February 1970) 

42. No. 10 (1 January - 30 June 1970) [F ina l  Report*] 
IPR 399 (October 1970) 

* P r o j e c t s  from t h i s  program w i l l  be r epor t ed  i n  f u t u r e  under 
NASA Grant NGL 05s-020-176 e 
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